Abstract-Isometric in plan, near vertical earthquake clusters (seismic "nails") were identified in different regions of the world. Seismic nails are 10-90 km in vertical length; most earthquakes that make them up are weak and their formation time is 10-60 days. Some nails are related to strong earthquakes and volcanic erup tions. Many seismic nails are not evidently related to fault zones and other tectonic structures. The Hurst exponent (H > 0.5) indicates the persistency in the sequence of earthquake depths.
INTRODUCTION
V.N. Vadkovsky (1996 Vadkovsky ( , 2012 , studied the spatial distribution of earthquake hypocenters in the Japanese Islands according to the JMA Earthquake Catalog for [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] and identified almost vertical short lived clusters of earthquake hypocenters that were isometric in plan called seismic "nails," which are made up largely of weak earthquake foci (M = 2-3). A nail is 10-50 km in vertical length and is formed at the depth of 90 km at most. The nail's epicentral projection is 5-20 km in diameter. Subvertical zones with earthquake foci were also noted in other regions (Alaska and the Banda Sea).
The objective of this investigation was to identify and to analyze seismic nails and similar clusters of earthquake hypocenters in various regions of the world and to study their relationship to seismic process and geodynamics.
SUBVERTICAL CLUSTERS OF EARTHQUAKE FOCUSES
The identification of seismofocal structures, such as seismic nails, is rarely considered in the scientific literature. A subvertical cluster of hypocenters that were related to the November 29, 1994 earthquake (M W = 5.1) was identified near Lefkada Island (Ionian Sea) (Papadimitriou et al., 2006) . The nail that formed 3 weeks prior was 0-12 km in depth. The focal mech anisms are consistent with the direction of the observed coseismic fractures on the surface. This fact, in our opinion, is indicative of its relationship to faults. Wang and Zhao (2006) studied the distribution of aftershocks of the strong Fukuoka earthquake that occurred on March 20, 2005 (M JMA = 7.0). Hypo centers that are distributed irregularly along the fault are grouped in structures such as seismic nails. The foci occur at depths of up to 20 km . Researchers sug gest a considerable role of fluids in the trigger genera tion of a main event. Padhy et al. (2011) provided data on the after shocks of the Hoto Hanto earthquake that occurred on March 25, 2007 (M W = 6.6) in Japan. The hypo centers were distributed in the form of a nail; the foci depth was up to 13 km and a possible role of fluids in earthquake generation was suggested. Kilburn (2003) described cylindrical clusters of hypocenters that are confined to volcanoes and that formed before an eruption. A cylinder is a few kilome ters in diameter, up to 5-7 km in depth, and has mag nitudes of 0-2 and 5-6. McNutt (1996) provided data on similar clusters that are related to the eruption of the Mount St. Helens Volcano and other. The focal mechanism implies the multiscale destruction and integration of fractures. Yukutake et al (2010) described structures like nails confined to the Hakone Volcano. Their epicentral projections were 1 km in length at most and up to 6 km in depth. Shevchenko et al. (2011) identified a column shaped near vertical cluster of earthquake foci in the center of the Garm geodynamic site (Tajikistan). Clusters of aftershock focuses that were similar in morphology and position in the earth's crust were identified for the Altai (2003) , Neftegorsk (1996) , Kultuk (2008) , and Dagestan earthquakes. Mean while, there is no relationship of clusters to any tec tonic elements of the indicated regions; thus, their relationship to the inflow of deep fluids has been sug gested. As a fine seismic structure is the object of our inves tigation, it is essential to provide a high accuracy of the earthquake coordinates. The error of the coordinates attains 5-10 km for the PDE and Kamchatka catalogs, 1 km at most for the JMA catalog, and < 3 km for the SCEDC and NCEDC catalogs (commonly, < 1). It should be noted that due to the fact that different cat alogs use scales of different magnitudes, we indicate their type when needed.
MATERIALS AND METHODS
As well, data on the boundaries of tectonic plates (Bird, 2003) , maps of active fault in Eurasia (Trifonov, 2004) , the Quaternary Fault and Fold Database of the United States (http://earthquake.usgs.gov.hazards. qfaults/), and the map of the volcanoes of the Global Volcanism Program (GVP, http://www.volcano.si.edu/ index.cfm) were used to compare seismic structures with tectonic and geological structures.
As a study of earthquake source processes was not the objective of the investigation, we did not take the source dimensions into account and regarded them as a point with specified spatial coordinates and magni tude (the spatial extension of the source, which is dependent on earthquake force and focal mechanism, is left for future studies).
To identify seismic nails, special software that makes it possible to search for them in the catalog was created. The searching algorithm is based on the fol lowing criteria: a short period of cluster formation (10-90 days), an isometric form in plan and small size (1-50 km); the minimum number of earthquakes in a nail is 100-200; and a nail is two time longer vertically as horizontally. The indicated software carries out the preliminary searching for nail candidates, while final identification is performed manually.
The Hurst exponent was calculated to study the formation of earthquake clusters in time. The Hurst exponent was calculated by R/S analysis (Lukk et al., 1996; Turcotte, 1997) , where R is the range of time series, i.e., the difference between the highest and low est cumulative deviation from the current average (in the given time interval τ) and S is the standard devia tion of the time range in the same interval. The follow ing relationship between R/S and τ was established for many natural processes:
An absolutely random (stochastic) process is char acterized by H = 0.5. H differs from 0.5 if a process has a so called memory. At H > 0.5 time relationships are stable, i.e., if increments a positive, they are the same in the future (persistency). At H < 0.5, an increase in the observed value is replaced by a decrease and vice versa (antipersistency). The analysis was carried out using the author's FraTiS software.
IDENTIFIED SEISMIC NAILS The analysis made it possible to identify some structures in different regions of the world that can be referred to as seismic nails in their configuration (Fig. 1) . These clusters are characterized by the following fea tures.
(1) Mount St. Helens Volcano (Cascadia), 46.2° N and 122.2° W (Fig. 2) . The formation time was March-May 1980, the focus depth was 0-15 km, and the position is confined to the volcanic arc of the sub duction zone. The cluster was formed before the cata strophic eruption of the Mount St. Helens Volcano started on May 18, 1980. Four events, which were dis tributed relatively regularly in time, are characterized by m b = 5.
(2) Colo Volcano (Tomini Bay, Sulawesi Island), 0.3° N and 121.8° E (Fig. 3) . The formation time was July 1983 and the focus depth was 20-90 km. The nail was surrounded by plates with a complicated shape that are composed of convergent, divergent, and trans form zones. The position is confined to the volcanic arc of the subduction zone. The nail was formed almost simultaneously with the eruption of the Colo Volcano (Una Una), which started on July 18, 1993. It should be noted that in spite of the probable confine ment of the nail formation to the eruption, the earth quake foci occurred at great depth. We noted many events that were distributed relatively regularly in time that were characterized by m b ≥ 5.
(3) Karymsky Volcano (Kamchatka), 53.9° N and 159.4° E. The formation time was January 1996, the foci depth was 0-60 km, and the position is confined to the volcanic arc of the Kamchatka subduction zone. This cluster, which implies the aftershocks of the strong Karymsky earthquake, occurred on January 1 1996 (M L = 6.4, M S = 7) and is most likely related to the following eruptions of the Karymsky and Academy of Science volcanoes. The nail formation was accom panied by many events with M L > 5.
(4) Southern Kamchatka, 52.3° N and 157.9° E (Fig. 4) . The formation time was March 1983, the foci depth was 0-20 km, and the position is confined to the volcanic arc of the Kamchatka subduction zone. The relationship between the nail's epicentral projection and faults is not clear. Dormant volcanoes are located nearby. The nail formation was accompanied by an earthquake with M L = 5.3, which corresponds almost to the midpoint of the nail formation interval, but occurred at some distance from the nail body. Earth quakes had commonly occurred at depths of 0-10 km prior to this event. After it, the foci occurred at a depth of 0-20 km. We also were able to identify subvertical seismofo cal clusters in the region of the Olyutor earthquake (Kamchatka) that occurred on April 21, 2006 (M S = 7.7), but at some distance from the focus of the main event. However, these clusters consist of a relatively small number of hypocenters and their fitting to seis mic nails requires further studies. Hence, the formation of this nail is most likely related to the indicated strong earthquakes.
(6) Hokkaido Island, 43.5° N and 143.0° E. The formation time was January-March 1989, the foci depth was 0-40 km, the position was the volcanic arc of the subduction zone; dormant volcanoes occur nearby. The epicenters are not evidently related to faults. The nail body consisted of weak earthquakes with M JMA < 5 (Vadkovsky, 2012).
(7) South of the Honshu Island (in front of the Nankai Channel), 33.2° N and 138.6° E (Fig. 5) . The formation time was September-October 1990 and the foci depth was 30-80 km. The epicentral field was located near the sea mount. The initial formation was accompanied by an earthquake with M JMA = 6.6 (60 km in depth), which was followed by an earthquake with M JMA = 6.0 (42 km in depth) and other events with M JMA < 5. This cluster is a manifestation of the after shock process of the indicated strong earthquake.
(8) South of Honshu Island (behind the volcanic arc of the Izu Bonin subduction zone), 33.7° N and 139.4° E (Fig. 5) . The formation time was October 1990 and the foci depth was 0-35 km. The nail con sisted of weak earthquakes with M JMA ≤ 4.2.
According to the results of a comparison with the Japanese tectonic scheme (Sagiya et al., 2000) , the lat ter two seismofocal structures could be related to faults.
(9) Inyo region (California), 35.7°-36.2° N and 117.5°-118° W (Fig. 6) . Four seismic nails with a small foci depth and horizontal size of 2 km at most were identified: August 1984 (0-7 km in foci depth); February 1992 and reactivation on July 2001 (0-9 km); July 1995 and reactivation in September (0-16 km); all earthquakes of the nails were weak; on March 1998 (0-11 km), a nail was formed as an after shock of M L = 5. The confinement of the nails to a few local faults is not evident.
(10) Long Valley caldera (California) 37.6-37.8° N and 118.8-119° W (Fig. 6) . The formation of four seismic nails with a foci depth of 0-10 km was accom panied by reactivation in 1984, 1990, 1991, and 1996-1998 . All earthquakes were weak (M L = 4.8 at most). These clusters occur inside the caldera and are most likely related to hydrothermal activity. However, there are several faults in the caldera and thus the genesis question is still open.
THE FORMATION OF A SEISMIC NAIL IN TIME
The main and common property of all the identi fied seismic nails is the short time of their formation (10-60 days). The formation of some nails has been shown to be initiated by strong (M > 5) earthquakes and/or volcanic eruptions. In other cases, relatively strong earthquakes occur in the course of nail forma tion rather than at the beginning and likely represent the seismofocal structure development stage. About half of the considered subvertical focal structures con sist largely of weak earthquakes. Figure 7a demonstrates variations in the number of earthquakes per day (N) in March-April 1983 during nail formation in Southern Kamchatka (Fig. 4) . Anal ysis of this distribution failed to identify an exponen tial decrease in the number of earthquakes in time. Seismic nail formation is an extinction process, but it is likely different from the extinction of strong earth quake aftershocks.
We analyzed the time sequences of variations in the foci depth Z(t) for all the studied seismofocal struc tures and failed to distinguish any trends of events in time. However, analysis using the Hurst exponent makes it possible to establish some patterns. Figure 7b demonstrates the Hurst exponent value (H) that was calculated for the depth sequence of hypocenters that formed the above described nail in Southern Kam chatka in 1983; H = 0.68. Such an analysis was carried out for all the studied seismic nails. The H values were established to exceed 0.5 for analogous sequences, which occurred in the range of 0.57-0.69. In this case, H error does not exceed 0.05 and the correlation coef 1984, 1990, 1991, [1996] [1997] [1998] Some of these seismofocal structures are related to volcanic eruptions (they precede or follow them) and hydrothermal activity. The formation of some nails can be initiated by strong earthquakes (M > 5), while other nails contain such earthquakes in their body. Some seismic nails are not clearly related to fault zones and other tectonic faults. Their formation is likely initiated by fluid flow.
The table contains the data on all the studied seis mofocal structures, the position and formation time of seismic nails, and their quantitative characteristics: foci depth, maximum magnitude (M max ), and Hurst exponent (H). The nails are classified by their confine ment to volcanic eruptions and strong earthquakes; additional data on their tectonic positions are reported as well.
CONCLUSIONS
Vadkovsky (2012) analyzed the Markov properties of the foci depth sequences in seismic nails and made the conclusion that they were formed over the entire depth interval without preferable growth upwards or downwards. Our investigation allows us to update these data. Trends were not identified in the men tioned sequences, but the obtained data on the Hurst exponent are indicative of persistency in the order depth sequence of hypocenters that make up a nail. This sequence, being nonrandom, has a memory. This memory manifests itself in the fact that the current condition is controlled not only by current control variables, but also by previous characteristics. The memory of the natural processes (the Hurst effect) is explained by slow relaxation. Memory occurs when the reaction of a system to outer impact is not momen tary, but extended in time (Lukk et al., 1996) . This specific feature can be of use in the study of seismic nail formation mechanisms. The geometry and formation rate of seismic nails suggest a possible role of fluids in the development process (Vadkovsky, 1996 (Vadkovsky, , 2012 Shevchenko et al., 2011) . In this case, the memory effect can be caused by the relaxation of vis cous liquid in a porous environment, which is charac teristic for most tasks of unstable and nonlinear filtra tion. An alternative explanation implies the relaxation of accumulated tension in a fault (faults) as a series of weak earthquakes. However, surface manifestations of these faults can be absent, especially in the case of weak earthquakes that make up seismic nails.
We hope that further detailed analysis of reliable catalogs, such as the JMA and California catalogs, will allow us to acquire additional data on the properties and nature of seismic nails.
